1. Introduction {#sec1}
===============

Owing to the high natural abundance and (consequently) low cost of sodium, combined with possibility of using electrode materials with lower financial and environmental cost, sodium-ion batteries (SIBs) are emerging as a real alternative to lithium-ion batteries.^[@ref1]−[@ref4]^ The alkali elements, Li and Na, have similar chemical and physical properties. The current Li-based battery technology can thus be readily converted to sodium-ion batteries. With regard to safety, it is desirable to replace the traditional organic liquid electrolytes with a solid-state equivalent, preventing the hazards of leakage and flammability.^[@ref5]^ Solid-state electrolytes (SSEs) may also allow the development of molten sodium based batteries and cathodes with higher operational voltages to increase energy density. The main obstacles to the development of viable SIB SSEs are their relatively poor Na^+^ ion conductivity, and poor interface compatibility with commercial electrodes.^[@ref6]^ Some of the most suitable candidates investigated so far include Na~3~Zr~2~Si~2~PO~12~,^[@ref7]−[@ref9]^ Na-β-alumina,^[@ref10],[@ref11]^ and Na~3~PS~4~.^[@ref12]^

Another well-known family of Na superionic conductors is the layered oxides Na~*x*~*M*O~2~ (0 \< *x* ≤ 1), where *M* represents metal or metalloid elements. Early investigations of these layered oxides focused on cathode materials such as Na~*x*~CoO~2~, as described by Delmas and Hagenmuller.^[@ref13]−[@ref15]^ Their crystal structures are composed of edge-sharing *M*O~6~ octahedra forming (*M*O~2~)~*n*~ layers with Na^+^ ions intercalated. These layered oxides are classified according to the coordination geometry of Na^+^ ions (P and O, indicating prismatic and octahedral Na coordination, respectively) and the number of positionally distinct (*M*O~2~)~*n*~ layers.^[@ref15]^ The most commonly observed structural types are P2 and O3, which have been extensively studied as cathode materials due to their superior electrochemical properties.^[@ref16]−[@ref19]^

O3 and P2-type structures crystallize in rhombohedral (space group *R3̅m*)^[@ref20],[@ref21]^ or hexagonal crystal systems (space group *P6*~3~*/mmc* for Na~0.67~CoO~2~ and *P6*~3~22 for Na~2~Zn~2~TeO~6~),^[@ref21]−[@ref24]^ respectively. Distorted modifications, often reported in literature, are labeled using an additional prime symbol. Some examples are the O′3-type compounds NaMnO~2~ and Na~2~Cu~2~TeO~6~ (space group *C*2/*m*),^[@ref25],[@ref26]^ P′3-type Na~*x*~CoO~2~, (0.6 \< *x* \< 0.67, space group *C*2/*m*)^[@ref21]^ and the P′2-type Na~*x*~MnO~2~, (*x* = 2/3, space group *Cmcm*).^[@ref27]^ Different, distinct phases can be obtained by tuning the sodium content and controlling the synthesis conditions, e.g. precursors, temperature and conditions for heat treatment and heating/cooling rate.^[@ref16],[@ref21],[@ref23],[@ref24]^ The O3-type phase is stable when Na-content is high (i.e., *x* is close to 1), while the P2-type structure becomes more favorable when *x* is in the range 0.3--0.7.^[@ref21],[@ref28]^ The low Na-content (*x* \< 1) in P2-type Na~*x*~*M*O~2~ causes a strong repulsive interaction between the oxygen anions, increasing the *M*O~2~ interlayer separation.^[@ref15]^ Early studies on Na~*x*~CoO~2~ (0.55 \< *x* \< 0.88) demonstrated that the P2-type phase is usually obtained in the temperature range 650--900 °C, while O′3 or P′3 are obtained at lower temperature (500--550 °C).^[@ref21],[@ref29],[@ref30]^

A new family of P2-type layered tellurates Na~2~*M*~2~TeO~6~ (*M* = Zn, Co, Ni, Mg) with high Na^+^ ion conductivity (∼10^--5^ S/cm at room temperature) has recently been reported by Evstigneeva and coauthors.^[@ref23]^ These are structurally related to P2-type Na~*x*~CoO~2~ with complete *M*^2+^/Te^6+^ ordering in each (*M*O~2~)~*n*~ layers.^[@ref31]^ Various P2-type layered structures were described in two distinct hexagonal space groups: *P*6~3~/*mcm* for Na~2~Ni~2~TeO~6~,^[@ref32]^ and *P*6~3~22 for Na~2~*M*~2~TeO~6~ (*M* = Zn, Co)^[@ref24],[@ref33]^ as well for the majority phase of Na~2~Mg~2~TeO~6~.^[@ref34]^ These two structure types are related by an in-plane shift of one of the (*M*~2~Te)~*n*~ layers. In our recent work, we have shown that these two types of stacking coexist in Na~2~Zn~2~TeO~6~ (NZTO).^[@ref35]^ The materials with *M* = Zn and Mg are considered as ideal candidates for application as solid-state electrolytes. The Na^+^ ion conductivity and electrochemical stability against cathode and Na metal for P2-type Na~2~*M*~2~TeO~6~ (*M* = Zn, Mg) were systematically studied by Li et al.^[@ref24],[@ref34],[@ref36]^ Both these phases exhibit high Na^+^ ion conductivity of 10^--4^ S/cm at room temperature and excellent electrochemical stability with wide electrochemical window (4.0--4.2 V). It was further found that the Na^+^ ion conductivity in NZTO can be increased to 10^--3^ S/cm upon Ga^3+^ substitution for Zn^2+^ which increases the amount of Na^+^ vacancies. This is consistent with results from molecular dynamics studies of Na~2~Ni~2~TeO~6~.^[@ref37]−[@ref39]^ A more recent study showed that Ca^2+^ substitution for Zn^2+^ can increase the Na^+^ ion conductivity as a result of expansion of the intralayer distance.^[@ref40]^ In a very recent report, Dubey et al.^[@ref41]^ investigated the structural properties and Na^+^ ion mobility of Na~2~*M*~2~TeO~6~ (*M* = Mg/Ni and Mg/Zn) and Na~2~Mg~2~TeO~6~. They showed that samples containing Ni or Zn exhibit a better phase purity than that obtained for samples of Na~2~Mg~2~TeO~6~. The coexistence of Mg and Ni or Zn in Na~2~*M*~2~TeO~6~ also reduces the grain boundary resistance compared to that of Na~2~Mg~2~TeO~6~, thus increasing the Na^+^ ion mobility.

We have systematically explored the impact of synthesis conditions and Na-content on the structural properties of NZTO and Na^+^ ion mobility. Our focus on NZTO is motivated by its high Na^+^ ion mobility compared to other P2-type Na-based tellurates. Below in [Section 3.1.1](#sec3.1.1){ref-type="other"} we present the effect of synthesis temperature on the structural properties of NZTO, and prove the existence of an O′3-type phase with powder X-ray diffraction data, supported by DFT calculations. We furthermore discuss Li-substitution and the preferred crystallographic site of a Li^+^ ion and the consequent formation of a single O′3-type phase in [Section 3.1.2](#sec3.1.2){ref-type="other"}. Finally, impedance spectroscopy results for all the samples are reported in [Section [3.2](#sec3.2){ref-type="other"}](#sec3.2){ref-type="other"}. Here, we also calculate the macroscopic conductivity and associated activation energies. These reveal that the O′3-type phase is detrimental to Na^+^ ion mobility. This combination of methods offers great insight into the properties of the layered materials, and helps to advance the state-of-the-art design of SSE materials.

2. Methods {#sec2}
==========

2.1. Synthesis {#sec2.1}
--------------

Samples of NZTO and Li-substituted Na~2+*x*~Zn~1--*x*~Li~*x*~TeO~6~ (*x* = 0.1, 0.2, 0.5) were synthesized via conventional solid-state methods. Na~2~CO~3~ (Sigma-Aldrich, 99.5%), Li~2~CO~3~ (Sigma-Aldrich, 99.997%), ZnO (Sigma-Aldrich, 99.99%), and TeO~2~ (Sigma-Aldrich, 99%) were used as precursors. ZnO, Na~2~CO~3~, and Li~2~CO~3~ were preheated at 150 °C for 6 h in a muffle furnace to remove possible surface water. Stoichiometric amounts of the respective precursors were ball-milled for 30 min. An excess of 10 wt % Na~2~CO~3~ and 10 wt % Li~2~CO~3~ were added to compensate for Na and Li evaporation at elevated temperatures. For NZTO samples, batches of the mixed precursors were calcined at six different temperatures: 500, 600, 700, 800, 900, and 950 °C for 6 h. The samples produced will be referred to as NZTO500, NZTO600, NZTO700, NZTO800, NZTO900, and NZTO950, where the number denotes the synthesis temperature. Synthesis at higher temperature (e.g., 950 °C) resulted in a number of dense impurity phases. The mixed precursor batches for Li-substituted samples were calcined at 900 °C for 6 h. After the first calcination step, the powders were ball milled again individually for 1 h and cold pressed into 10 mm diameter pellets. The pellets were covered with their mother powders and placed in covered alumina crucibles to be sintered. The five NZTO samples were sintered at their original synthesis temperatures for another 15 h. Li-substituted samples were sintered at 900 °C for 15 h. The heating and cooling rates for all calcination and sintering processes were 5 °C/min. All as-synthesized samples were stored in a glovebox to avoid air contact before characterizations.

2.2. Data Collection and Analysis {#sec2.2}
---------------------------------

Initial sample characterization was done by powder X-ray diffraction (PXRD) on a Bruker D8 Discover diffractometer in Bragg--Brentano mode with a LynxEye detector and Cu Kα~1~ radiation (λ = 1.5406 Å) selected by a Ge (111) monochromator at the Norwegian national resource center for X-ray diffraction and scattering (RECX).

In situ variable temperature PXRD measurements were performed on a Bruker D8 A25 powder diffractometer (RECX lab) with focusing mirror optics and LynxEye XE high energy detector on a mixture of NZTO precursors (Na~2~CO~3~, ZnO, and TeO~2~). Data were collected with Mo Kα radiation (λα~1~ = 0.7093 Å, λα~2~ = 0.7136 Å) during heating from 30--900 °C and cooling back to 30 °C with a ramp rate of 5 °C/min in an Anton Paar HTK 1200 high temperature chamber.

Room temperature synchrotron powder X-ray diffraction (SPXRD) patterns were collected at BM31, one of the Swiss-Norwegian Beamlines (SNBL) at the European Synchrotron (ESRF). Diffraction profiles for NZTO samples were collected using a Pilatus 2 M CdTe detector^[@ref42]^ and diffraction profiles for Li-substituted samples were collected using a Dexela 2923 2D CMOS detector.^[@ref43]^ Samples were sealed into 0.5 mm thin-wall glass capillaries. The wavelengths (λ = 0.319089 Å for the Pilatus 2 M CdTe detector and 0.49426 Å for the Dexela 2923 2D CMOS detector) were calibrated against a NIST LaB~6~ standard. Diffraction patterns were recorded over an angular range of 2.5 to 25° for NZTO samples and 2.5 to 35° for Li-substituted samples, respectively. Rietveld refinements against PXRD data were performed using *TOPAS* V5.0.^[@ref44]^ In Rietveld refinements, the background was fitted using 9--13 term Chebychev polynomials. Unit cell dimensions and scale factors were refined for each data set. Site occupancies and atomic coordinates were refined and details are described in the respective sections and the [Supporting Information](#notes-2){ref-type="notes"} ([SI](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05863/suppl_file/am0c05863_si_001.pdf)). A thermal displacement parameter for each atom-type was determined from the refinement against SPXRD data of NZTO900. The obtained thermal displacement parameters were fixed for the refinements against SPXRD data of NZTO800--500 and Na~2+*x*~Zn~2--*x*~Li~*x*~TeO~6~ (*x* = 0.1, 0.2, 0.5). Due to the short wavelengths used in the SPXRD measurements, no absorption corrections were necessary. Ball-and-stick and coordination polyhedra models were rendered with *VESTA*.^[@ref45]^

Elemental analyses of as-synthesized Na~2+*x*~Zn~1--*x*~Li~*x*~TeO~6~ (*x* = 0, 0.1, 0.2, 0.5) were performed by inductively coupled plasma (ICP) on a Bruker Aurora Elite equipped with Cetac ASX-250 autosampler and an ESI oneFAST sample introduction system.

2.3. Computational Modeling {#sec2.3}
---------------------------

First principles atomistic calculations based on Density Functional Theory (DFT) are performed using the Vienna Ab initio Simulation Package (VASP).^[@ref46]−[@ref49]^ All calculations are computed within the general gradient approximation, using the Perdew, Burke, and Ernzerhof form of the exchange and correlation functional.^[@ref50]^ Integrals over the Brillouin zone are computed on Γ-centered Monkhorst--Pack grids with a resolution of 0.3 Å^--1^. The Fermi-level smearing of electron states is introduced according to the Methfessel--Paxton method^[@ref51]^ with a 0.2 eV broadening width. With these settings, a 500 eV kinetic energy cutoff for the plane wave expansion is found to produce total energies converged within 5 meV per formula unit. All the considered structural minima are obtained from geometrical optimization of configurations from experimental inputs. These relaxations are computed first at fixed cell and then allowing for the optimization of the lattice degrees of freedom. The total energies are then calculated as a function of volume by imposing a diagonal deformation with 1% increments. These structural optimizations are performed using the conjugate gradient algorithm with a force convergence threshold of 10^--2^ eV/Å, while the energy convergence threshold of the self-consistent field (SCF) calculation is set to 10^--4^ eV. The projection operators are evaluated in real-space for computational efficiency.

The stability of the P2 and O′3 NZTO phases is verified by calculating the elastic tensor and the vibrational density of states. The former is computed by imposing six lattice distortions and fitting the strain--stress relationship. This is calculated for rigid ions and adjusted by accounting for internal relaxation by inversion of the Hessian matrix.^[@ref52]^ For these calculations, the convergence threshold of the SCF calculation is set to 10^--6^ eV. The phonon density of states is calculated using the finite differences method as implemented in the phonopy software.^[@ref53]^ These calculations are performed on suitably large supercell models, using an atomic displacement of 0.01 Å along both positive and negative directions. These calculations require a different setup to accurately evaluate the Hellmann--Feynman forces associated with these displacements: an additional support fast Fourier transform grid, eight times denser than the standard one, is used for the evaluation of the augmentation charges. The projection operators are evaluated in reciprocal space, despite the large size of the systems, and the convergence threshold of a SCF calculations is set to 10^--8^ eV.

In this work, we considered a selection of point defects in the NZTO structure: substitutional (Li) and interstitial (Na) impurity atoms are necessary to describe the Li-doping mechanism of NZTO, while Na vacancies are used to model the diffusion path. As in the case of the vibrational density of states, these systems require large supercell models to suppress the interaction between a defect and its periodic image. Well-converged results are obtained using a 2 × 1 × 2 model for the O′3 cell in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. Similarly, we make use of a 2 × 1 × 1 model for the P2-type structure or a 2 × 2 × 1 when the reconstruction of the Na sublattice is not considered. All these supercell models contain 88 atoms, corresponding to 8 formula units.

###### Selected Intralayer Distances (Å) and Bond Lengths (Å) in the P2 and O′3-Type Phases Based on Experimental and Theoretical Results

  structures   label      *d*~*z*~(NaO~6~)   *d*~O--O~(NaO~6~)   *d*~*z*~(Zn~2~TeO~6~)   *d*~O--O~(Zn~2~TeO~6~)
  ------------ ---------- ------------------ ------------------- ----------------------- ------------------------
  O′3          2*h*       3.21--3.24         3.56--3.75          2.11--2.15              2.70--3.03
  O′3          1*h*1*d*   3.24--3.27         3.64--3.84          2.12--2.16              2.72--3.03
  O′3 (Exp)    NZTO700    3.16--3.29         3.58--3.73          2.25--2.37              2.89--2.93
  P2           1*f*1*g*   3.29--3.47         3.34--3.61          2.03--2.21              2.71--3.08
  P2           2*g*       3.29--3.34         3.31--3.39          2.14--2.18              2.74--3.03
  P2 (Exp)     NZTO700    3.42               3.42                2.20                    2.68--2.93

Calculations involving impurity atoms are performed using the same set of parameters as for structural relaxation. The activation energy associated with Na^+^ ion mobility is calculated using the Nudged Elastic Band (NEB) method.^[@ref54]^ The diffusion mechanism is assumed to be a single vacancy hop to a neighboring Na-site. Four replicas of the system are introduced to model the minimum energy transition path, initially assumed to be linear. The structural optimization of these intermediate images is carried out using the conjugate gradient algorithm with a force convergence threshold of 40 meV/Å.

Additional tools used in this work include the Atomic Simulation Environment (ASE) code,^[@ref55]^ used for converting format of input/output files and data analysis, the QUIP package and its python interface quippy^[@ref56]^ used for computing interatomic distances and generating the input files for the NEB calculations. The space groups are identified using the FINDSYM software.^[@ref57]^

2.4. Impedance Spectroscopy {#sec2.4}
---------------------------

The Na^+^ ion conductivity of NZTO samples and Li-substituted samples was measured as a function of temperature by electrochemical impedance spectroscopy^[@ref24]^ using a Probostat (NorECs AS) sample holder in a frequency range of 1 to 10^7^ Hz with a 10 mV AC amplitude. For each composition, two parallel pellet samples with different thicknesses were adapted for the measurement to check measurement consistency. All the pellet samples were preheated at 150 °C for 6 h in a muffle furnace to remove surface water. The pellets (10 mm in diameter and 0.56--2.13 mm in thickness) were coated with silver paste (SPI Supplies Co.) on both full faces and dried at 60 °C in a drying oven for 30 min. Pt wires were then attached to the two faces of the pellets. Impedance measurements were taken in air at temperatures from 28 to 211 °C. The data were fitted with equivalent circuits and analyzed using *Zview*2 (Scribner, Inc.).

3. Results and Discussion {#sec3}
=========================

3.1. Synthesis and Structural Characterization {#sec3.1}
----------------------------------------------

### 3.1.1. Biphasic NZTO {#sec3.1.1}

The phase purity of the as-synthesized NZTO samples was evaluated using PXRD, and the results are presented in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. NZTO900 is indexed in space group *P6*~3~22 as a single P2-type phase, consistent with previous studies (cf. [Figure S1 and Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05863/suppl_file/am0c05863_si_001.pdf)).^[@ref23],[@ref24],[@ref35],[@ref40]^ At lower synthesis temperatures, the amount of P2-type phase gradually decreases and other phases appear. Yet, the main phase in the PXRD patterns of NZTO800 and NZTO700 matches well with the P2-type phase. Several additional peaks, not belonging to the P2-type phase, are observed as indicated by black arrows in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. In the case of NZTO600 and NZTO500, the amount of the P2-type phase (indicated by red arrows in [Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [S2](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05863/suppl_file/am0c05863_si_001.pdf)) decreases while the intensity of the additional peaks increases. The existence of these additional diffraction peaks has been reported previously by Evstigneeva et al.^[@ref23]^ for Na~2~Mg~2~TeO~6~. The structure of the additional phase was, however, not resolved. Since this feature seems to be intrinsic to these layered oxides, it is highly desirable to resolve its structure and identify its effect on the properties of the material and in particular on the Na^+^ ion mobility. The literature suggests^[@ref58]−[@ref60]^ that an O3-type structure is a prime candidate, as phase transformations between these two modifications are often observed. To the best of our knowledge, the existence of O3-type NZTO has never previously been reported.

![(a) PXRD patterns of NZTO samples synthesized at 900, 800, 700, 600, 500 °C (λ = 1.5406 Å); (b) enlargement of the strongest peaks in a 2θ range of 13.5--18°; (c) enlargement of peaks in a 2θ range of 18--25°. Red and black arrows indicate characteristic peaks for P2-type and O′3-type phases, respectively.](am0c05863_0001){#fig1}

The regular O3-type (space group *R*3*®m*) and the distorted O′3 modification (space group *C*2/*m*), constructed based on Na~2~Cu~2~TeO~6~^[@ref25]^ as O′3_model_1, were tested to see if they gave a reasonable fit to the SPXRD data, but the outcome was poor (see [SI Figures S3 and S4; Tables S2 and S3](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05863/suppl_file/am0c05863_si_001.pdf)).

Seibel et al.^[@ref61]^ suggest that Na~3~Ni~2~BiO~6~ crystallizes as an O′3-type phase with a partial antisite disorder between the Ni- and Bi-sites. Based on this, we constructed a second O′3-type structural model (denoted O′3_model_2) by replacing Ni with Zn and Bi with Te, and adjusting the Na occupancy to its stoichiometric value. In this structural model, Na occupies two distinct Wyckoff site types: 2*d* and 4*h*, while Zn occupies a 4*g* site and Te occupies a 2*a* site. Rietveld refinements using this model against the SPXRD patterns of NZTO700 and NZTO800 are presented in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, showing acceptable fits. Crystallographic information for the involved P2 and O′3-type phases is summarized in [Tables S4 and S5](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05863/suppl_file/am0c05863_si_001.pdf). Note that the still imperfect fit of the diffraction peaks in the 2θ-range 3.5--5.0° is due to the presence of stacking faults in the P2-type phase,^[@ref35]^ or possibly a P2/O′3--type composite as described by Guo et al.^[@ref62]^

![Rietveld refinements against SPXRD data of (a) NZTO800 and (b) NZTO700, λ = 0.319089 Å (inset: enlargement of 2θ range of 3.5 to 5.0°). The experimental pattern is shown in red, calculated pattern in black, the difference between experimental and calculated curves in blue. Bragg positions of P2, O′3-type phases and impurity ZnO are in red, blue, and black, respectively.](am0c05863_0002){#fig2}

For NZTO the effects of antisite disorder within the layers or between the layers (stacking faults) are hard to distinguish from one another.^[@ref35],[@ref63],[@ref64]^ For NZTO700, the Na site occupancies for the two distinct sites, as well as the Zn/Te mixed site occupancies were refined independently. Constraints were applied to fix the total occupancy for each atom-type to the corresponding stoichiometric values. The fraction of Zn atoms on the Te site and vice versa was constrained so as to maintain the 2:1 Zn:Te ratio. For NZTO700 the refined occupancies for the O′3-type phase show that some 1.15% of the Te atoms are located on the Zn sites. SPXRD is sensitive to this low level of antisite disorder due to large X-ray scattering contrast between Zn (*Z* = 30) and Te (*Z* = 52). The Zn/Te mixed occupancies in the O′3-type phase in NZTO800 were fixed to the values derived for NZTO700 (NZTO800 contains only ∼6% weight of O′3-type phase).

Refinements for NZTO600 and NZTO500 ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05863/suppl_file/am0c05863_si_001.pdf)) confirm that the O′3-type phase dominates (∼87% O′3 in NZTO600 and ∼91% O′3 in NZTO500, see [Table S6](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05863/suppl_file/am0c05863_si_001.pdf)). However, the crystallinity of these samples is not sufficiently good for deriving structural details. Annealing NZTO500 at 500 °C for 7 days did not improve the crystallinity (see [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05863/suppl_file/am0c05863_si_001.pdf)). This indicates that a pure O′3-type NZTO with high crystallinity is rather hard to be synthesized using solid-state methods. It could be possible to obtain such pure O′3-type NZTO using other synthesis methods, e.g., precipitation or sol--gel method.

To gain a deeper insight into the phase evolution of NZTO, we studied the product formation by means of in situ with PXRD (cf. [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05863/suppl_file/am0c05863_si_001.pdf)) during heating from 30--900 °C. Due to the poor crystallinity of the sample, only qualitative information could be extracted. Three distinct transitions occur during heating. At around 250 °C Na~2~CO~3~ starts to decompose and reacts with TeO~2~ to form Na~2~TeO~4~. This is stable until ∼350 °C, when the O′3-type phase starts to form. On further increasing the temperature, the P2-type phase starts to appear at ∼500 °C and coexists with small amount of O′3-type phase up to ∼900 °C. The O′3-type phase did not completely disappear toward 900 °C, which may be due to the phase transition kinetics.^[@ref23]^ No changes in the PXRD pattern were observed on subsequent cooling from 900 to 30 °C, indicating no phase conversion from O′3 to P2-type phase. This is in agreement with our previous results that show no signs of a P2 to O′3-type phase transformation on prolonged annealing of NZTO900 at 600 °C for 7 days.^[@ref35]^

The unit cells of the monoclinic O′3 and hexagonal P2-type phases are closely related: *a*~mon~ and *b*~mon~ correspond to *a*~hex~ and √3*a*~hex~ (cf. [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05863/suppl_file/am0c05863_si_001.pdf)), respectively. The comparison of the refined lattice parameters for the P2 and O′3-type phases shows that *a*~mon~, *b*~mon~ are similar to *a*~hex~, √3*a*~hex~ for the biphasic NZTO samples. The *c* axes of the two structure types are not coincident and it is therefore not meaningful to provide a direct comparison. Moreover, the unit cells contain different numbers of Zn~2~TeO~6~ layers (2 and 1 for P2 and O′3, respectively). A better comparison is made by considering the distances between adjacent oxygen layers along the normal to the Zn~2~TeO~6~ layers (i.e., the *c* axis direction of the P2-type structure, cf. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). These values are reported in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The distances between the octahedral Zn~2~TeO~6~ layers, labeled d~*z*~(NaO~6~) and indicated in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, are 3.42 and 3.16--3.29 Å for P2 and O′3, respectively. The larger spacing in the P2 case is expected, as the closest oxygen atoms in adjacent layers share the same (*x, y*) coordinates. This explains why the P2-type phase becomes dominant only at elevated temperatures. This can be better understood by considering the O--O distances instead of the layer separation. These are 3.42 and 3.58--3.73 Å for P2 and O′3, respectively. The shorter O--O distance in the P2-type phase causes additional repulsion between layers. This reduces the thickness of Zn~2~TeO~6~ octahedral layers (2.20 vs 2.25--2.37 Å in the O′3 case).

![Crystal structures of P2 (a) and O′3-type NZTO (b). The separations d~*z*~(NaO~6~) and d~*z*~(Zn~2~TeO~6~) are defined as the perpendicular distance between the two parallel oxygen layers based on an average z coordinate of Na and Zn/Te atoms, respectively. The NaO~6~, ZnO~6~, and TeO~6~ polyhedra are shown in blue, green and brown, respectively. Labels A, B, and C denote distinct oxygen layers.](am0c05863_0003){#fig3}

The first principles calculations verify the experimental results by showing the stability of the O′3-type phase. It is important to find the correct structural model for both the P2 and O′3-type phases. Due to the partial occupancy of the sodium sites, this operation is not trivial.^[@ref65]^ Within the P2-type structure, six possible Na sites are available per formula unit, only two of which occupied in the specific case of NZTO. All Na^+^ ions at these positions form NaO~6~ coordination polyhedra of triangular prismatic shape. These prisms can share either their edges (*g*-type sites; multiplicity 3 per formula unit) or faces (*f*, a-type sites; multiplicity 2, 1 respectively per formula unit) with the TeO~6~ and ZnO~6~ octahedral groups. These positions are indicated in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}(c) with sphere models of distinct color. From structural considerations (Pauling's third rule), one would expect that face-sharing is not favorable, however, this does not match experimental evidence. It is indeed found, by means of ab initio calculations, that Na^+^---Na^+^ repulsion plays a non-negligible role in determining the equilibrium configuration, enforcing a nonhexagonal reconstruction of the Na sublattice.^[@ref65]^ Analogously to our previous works of NZTO,^[@ref35],[@ref65]^ we label the distinct models used for DFT calculations with the Wyckoff symbols associated with the fully occupied sites and the number of such sites filled per formula unit (not the multiplicity of the sites). With this definition, a P2 structure containing Na only at *g* sites is labeled 2*g*. Note that the multiplicity of *g* sites is 3 per formula unit and, therefore, one of them is unoccupied, resulting in honeycomb-like ordering of the sodium sublattice. Similarly, the O′3 model labeled 1*d*1*h* has 1 Na ion at a *d* site and one at an *h* site, while the remaining *h* site is unoccupied. These types of structures are necessary for atomistic modeling, as DFT or related methods cannot describe the partial occupation of Wyckoff sites. Moreover, these models provide information regarding the bonding of single sites and, therefore, facilitate the understanding of these materials at the atomic scale. The aforementioned nonhexagonal reconstruction of the Na sublattice is obtained by filling simultaneously a *g*-type site and a nonadjacent *f*-type site (1*g*1*f*). The better stability of such a reconstruction is evident from the energy-volume curves in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}(a). A more detailed discussion on Na sites and the associated energetics is provided in our previous publications.^[@ref35],[@ref65]^ In the O′3-type phase, 2 Na sites (4*h* and 2*d*) per formula unit are available, as indicated in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}(b). The interatomic distances between Na^+^ ions and neighboring Zn^2+^ and Te^6+^ are reported in [Table S7](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05863/suppl_file/am0c05863_si_001.pdf). From these values, it is clear that these ions are nearly equivalent when only nearest neighbors are considered. The second shell, however, is different, as the *d*-type site is coordinated by four Zn^2+^ ions and the *h*-type site by two Zn^2+^ and two Te^6+^ ions. This difference is small but significant, as revealed by the energy/volume curves for the O′3-type phase in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}(a). The configuration presenting a honeycomb-ordered sublattice of Na^+^ ions at the *h*-type sites is found to be energetically more favorable. Only this configuration will be considered further below. The equilibrium lattice constants for each of the considered structures are reported in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. The interlayer distances are reported in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and the fitting parameters to the Murnaghan equation of states can be found in [Table S8](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05863/suppl_file/am0c05863_si_001.pdf). The energetics reported in [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05863/suppl_file/am0c05863_si_001.pdf) clearly indicate the O′3-type phase as more stable modification. In this structure, face-sharing of coordination polyhedra is completely avoided, while the distances between O^2--^ ions in adjacent layers is maximized. The formation of a P2-type phase seems to be solely associated with the supercell reconstruction of the Na sublattice or, more in general, with disordered sublattice models in which both *g*- and *f*-type sites are simultaneously (partially) occupied. The presence of an O′3-type phase is therefore expected, especially when the local environment presents Na excess or deficiency.

![Energy/volume curves for the most stable P2 (dash line) and O′3 (solid line) configurations (a). The configurations are labeled accordingly to the occupation of Na sites within a layer. Structural model for the O′3 (b) and P2-type (c) structures. The ZnO~6~ and TeO~6~ polyhedra are shown in green and brown, respectively. Polyhedral environments of respective Na sites in O′3 (d) and P2-type (e) structures. All the possible Na sites and the respective multiplicities are indicated.](am0c05863_0004){#fig4}

###### Unit Cell Dimensions for a Selection of Theoretical and Experimental Configurations

                               lattice parameters                                       
  ----- ----------- ---------- -------------------- -------- -------- -------- -------- ----
  O′3   *C*2/*m*    2*h*       5.481                9.124    5.811    90       110.48   90
  O′3   1*h*1*d*    5.326      9.356                5.727    90       107.22   90       
  O′3   NZTO700     5.321      9.183                5.861    90       109.13   90       
  P2    *P6*~3~22   1*f*1*g*   5.338                9.254    11.353   90       90       90
  P2    2*g*        5.322      5.381                11.054   90       90       119.64   
  P2    NZTO900     5.288      5.288                11.239   90       90       120      

### 3.1.2. Li-Substituted NZTO: Na~2+*x*~Zn~2--*x*~Li~*x*~TeO~6~ (*x* = 0.1, 0.2, 0.5) {#sec3.1.2}

We explored the stability range of the P2-type phase by varying the Na-content in NZTO. As discussed in the [Introduction](#sec1){ref-type="other"}, the formation of an O3-type phase is usually associated with a large Na-content. For NZTO, the composition can be tuned by Li-substitution. Li^+^ has a similar ionic radius (0.76 Å) to Zn^2+^ (0.74 Å). Such a substitution on the Zn-site would increase the Na-content according to the formula Na~2+*x*~Zn~2--*x*~Li~*x*~TeO~6~. We prepared three different samples with varying Li-content, *x* = 0.1, 0.2, and 0.5. These samples are Na~2.1~Zn~1.9~Li~0.1~TeO~6~, Na~2.2~Zn~1.8~Li~0.2~TeO~6~, and Na~2.5~Zn~1.5~Li~0.5~TeO~6~, respectively. The ICP elemental analysis confirms that the compositions of Li-substituted NZTO are close to theoretical values as shown in [Table S11](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05863/suppl_file/am0c05863_si_001.pdf). A thorough structural analysis of these compounds is presented in this section.

[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} shows the SPXRD patterns of Na~2.1~Zn~1.9~Li~0.1~TeO~6~, Na~2.2~Zn~1.8~Li~0.2~TeO~6~, Na~2.5~Zn~1.5~Li~0.5~TeO~6~ as well as NZTO900 for comparison. The SPXRD pattern of Na~2.1~Zn~1.9~Li~0.1~TeO~6~ shows that even small amounts of Li-substitution induce the formation of the O′3-type phase (cf. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). For larger Li-contents (0.2 ≤ *x* ≤ 0.5), the P2-type phase was no longer observed and a single O′3-type phase is formed. Our attempts to further increase the Li-substitution for Zn up to *x* = 1.0 led to melting of precursors and products during the calcination process, even at low temperature (500 °C).

![(a) SPXRD patterns of Na~2+*x*~Li~*x*~Zn~2--*x*~TeO~6~ (*x* = 0.1, 0.2 and 0.5), λ = 0.49426 Å. SPXRD pattern of NZTO900 is plotted for comparison (in black); (b) enlargement of 2θ range of 4.5 to 5.5°; and (c) enlargement of 2θ range of 5.8° to 8.2°.](am0c05863_0005){#fig5}

The X-ray scattering factor of Li is very low, making it difficult to determine Li positions from the SPXRD data. However, we can deduce the most likely Li positions from refined Na or Zn site occupancies. To do this we carried out four individual Rietveld refinements of O′3_model_2 with different constraints on the Te, Zn, and Na site occupancies against SPXRD data of Na~2.5~Zn~1.5~Li~0.5~TeO~6~ (the sample with the highest Li-content). Detailed information and corresponding refinement results can be found in the [SI](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05863/suppl_file/am0c05863_si_001.pdf). In the second and third tests, the freely refined total Zn and Na occupancies are very close to the stoichiometric values for Na~2.5~Zn~1.5~Li~0.5~TeO~6~. Thus, in the final refinement, we constrained the total Na and Zn occupancies according to their stoichiometric values. All the diffraction peaks are well fitted and the refinement shows a lower *R*~wp~ value compared to the other three models tested (see tests 1--3 in [Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05863/suppl_file/am0c05863_si_001.pdf) and test 4 in [Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05863/suppl_file/am0c05863_si_001.pdf)). On the basis of this we conclude that Li^+^ ions occupy the Zn (4*g*) site. Similar results are found when fitting the O′3-type phase in Na~2.2~Zn~1.8~Li~0.2~TeO~6~ (see [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). Similar studies were used to identify the Li positions in the coexisting P2 and O′3-type phases of Na~2.1~Zn~1.9~Li~0.1~TeO~6~. The freely refined total Na (across 6*g*, 2*a*, and 4*f* sites) and Zn (across 2*b* and 2*d* sites) occupancies in P2-type phase are close to their stoichiometric values for NZTO. However, the freely refined total Na (across 2*d* and 4*h* sites) and total Zn occupancies (4*g* and 2*a* sites) in the O′3-type phase are 2.4 and 1.95 per formula unit. This indicates that the Na-content is sensitive to type of phase, and that a slight increase in Na content will convert the P2 to O′3-type phase. Detailed crystallographic parameters for Na~2.5~Zn~1.5~Li~0.5~TeO~6~, Na~2.1~Zn~1.9~Li~0.1~TeO~6~, and Na~2.2~Zn~1.8~Li~0.2~TeO~6~ are summarized in the [SI](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05863/suppl_file/am0c05863_si_001.pdf) ([Tables S12--S14](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05863/suppl_file/am0c05863_si_001.pdf)). With increasing Na-content, the *c*-axis in P2-type Na~2.1~Zn~1.9~Li~0.1~TeO~6~ shrinks compared to that of NZTO900. This is probably due to lower electrostatic repulsion between interlayer oxygen anions with increased Na-content.^[@ref22],[@ref66]^ A similar trend was observed for the *c-*axis of the O′3-type phase which decreases with increasing Na-content (cf. [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}).

![(a) Rietveld refinement against SPXRD data of Na~2.1~Zn~1.9~Li~0.1~TeO~6~ (Inset: enlargement of 2θ range of 4° to 8°), Bragg positions of P2 and O′3-type phases are in red and blue, respectively; (b) Rietveld refinement against SPXRD data of Na~2.2~Zn~1.8~Li~0.2~TeO~6~ (Inset: enlargement of 2θ range of 4° to 8°), Bragg positions of O′3-type phase are in blue. The experimental pattern is shown in red, calculated pattern in black, the difference between experimental and calculated curves in blue. Wavelength (λ) for both SPXRD patterns is 0.49426 Å.](am0c05863_0006){#fig6}

###### Unit Cell Dimensions of P2 and O′3-Type Phases Obtained from Rietveld Refinements against SPXRD Data of NZTO900, Na~2.1~Zn~1.9~Li~0.1~TeO~6~, Na~2.2~Zn~1.8~Li~0.2~TeO~6~, and Na~2.5~Zn~1.5~Li~0.5~TeO~6~

                NZTO900      Na~2.1~Zn~1.9~Li~0.1~TeO~6~   Na~2.2~Zn~1.8~Li~0.2~TeO~6~   Na~2.5~Zn~1.5~Li~0.5~TeO~6~   
  ------------- ------------ ----------------------------- ----------------------------- ----------------------------- ------------
  space group   *P*6~3~22    *P*6~3~22                     *C*2/*m*                      *C*2/*m*                      *C*2/*m*
  *a* (Å)       5.2880(1)    5.2803(1)                     5.3346(7)                     5.3181(1)                     5.3352(1)
  *b* (Å)       5.2880(1)    5.2803(1)                     9.198(1)                      9.1842(2)                     9.1714(1)
  *c* (Å)       11.2388(2)   11.2128(2)                    5.8209(5)                     5.8215(2)                     5.7370(1)
  β (deg)       90           90                            109.05(1)                     108.920(2)                    108.774(1)
  V (Å^3^)      272.17(1)    270.75(1)                     270.00(6)                     268.97(1)                     265.78(1)
  *R*~wp~ (%)   6.38         9.84                          9.98                          8.34                          

Finally, we used DFT calculations to confirm the most likely Li locations in the O′3-type structure and verify the Rietveld results. We studied two different supercell configurations containing a single Li impurity atom: one with a Li^+^ ion substituting Na^+^ and a second one with Li^+^ at the Zn^2+^ site and an additional Na^+^ ion placed at one of the *d* sites. Note that three distinct *d*-type sites can be occupied within a layer of our supercell model; these sites are no longer equivalent due to the presence of the Li^+^ ion, and a separate calculation needs to be performed for each structure to find the most favorable configuration. Sodium is found to occupy the site nearest to the Li dopant at a separation distance of 3.23 Å. The other sites, at 4.48 and 5.49 Å from Li, are found to be less favorable, but by only 50 meV. The formation energies of the two models, with stoichiometry Na~2--*x*~Zn~2~Li~*x*~TeO~6~ and Na~2+*x*~Zn~2--*x*~Li~*x*~TeO~6~ (*x* = 0.125) respectively, are calculated as follows:where *N* is the number of Na^+^ in the NZTO superstructure, *n* the number of Li atoms inserted (in this case, *n* = 1), and *E* is the total energy evaluated at the indicated stoichiometry with lithium in the aforementioned sites. The chemical potential μ~*Z*~ (*Z* = Li, Na, Zn), used to balance the stoichiometry between the doped and reference structures, is calculated for the equilibrium crystal structure (bcc for Li, Na; hcp for Zn). With these conventions, negative formation energies indicate that the indicated defect is favorable. The values thus calculated are *E*~Li→Na~= −0.05 eV and *E*~Li→Zn~*=* −4.61 eV, indicating a clear preference for a configuration of the second type. This is due to the availability of vacant Na sites in the crystal, which allow incorporation of additional Na without introducing major deformations. We note that this is not the case for the P2-type structure. In this phase, additional Na would locally suppress the reconstruction of the Na sublattice and favor occupancy of *g-*type sites, as demonstrated in our previous investigation.^[@ref35],[@ref65]^ A nonreconstructed P2-type structure is least favorable, as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}(a), to the extent that the O′3-type phase becomes dominant.

3.2. Na^+^ Ion Conductivity {#sec3.2}
---------------------------

The Na^+^ ion conductivity of NZTO500--900 and Li-substituted NZTO samples was measured using AC impedance spectroscopy. Nyquist plots for NZTO500--900 pellets measured at 148 °C and Li-doped NZTO pellets measured at 122 °C are presented in [Figures S12(a--e) and S13(a--c)](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05863/suppl_file/am0c05863_si_001.pdf), respectively. In the Nyquist plots of NZTO500--700, Na~2.2~Zn~1.8~Li~0.2~TeO~6~, and Na~2.5~Zn~1.5~Li~0.5~TeO~6~, a semicircle in high frequency region and a sloping line in low frequency region were observed, corresponding to bulk contribution of a material and ionic blocking effect, respectively.^[@ref67]^ The sloping line in the low frequency region indicates that the conductivity in all the samples is ionic in nature.^[@ref3],[@ref68]^ At higher synthesis temperature or lower Li substitution (*x*), the measured radius of the semicircle decreases. The shape of these semicircles is slightly different, which indicates different physical meanings. In the case of NZTO500 and NZTO600, the semicircles are very symmetric, are described using an equivalent circuit consisting of a resistance (*R*) and a constant phase element (CPE). The capacitances obtained from the fits are in the order of pF, indicating the conductivity contribution mainly originates from the bulk.^[@ref69]^ While for NZTO 700, Na~2.2~Zn~1.8~Li~0.2~TeO~6~, and Na~2.5~Zn~1.5~Li~0.5~TeO~6~, the semicircles of the Nyquist plots are asymmetric, merged by two individual semicircles. We adapted two \[RCPE\] circuits to describe these asymmetric semicircles. The obtained capacitances from the fits are in the range of pF and nF, corresponding to the bulk and grain boundary contribution, respectively. In the Nyquist plots of NZTO800, NZTO900, and Na~2.1~Zn~1.9~Li~0.1~TeO~6~, the semicircle disappears and only a sloping line is observed, indicating excellent conductivity. A simple resistance representing the total resistance was adapted to describe the linear behavior in the high frequency range. Because it is impossible to distinguish the bulk and grain boundary contribution from the Nyquist plots of NZTO500, NZTO600, NZTO800, NZTO900, and Na~2.1~Zn~1.9~Li~0.1~TeO~6~, total conductivity (the sum of the bulk and grain boundary contribution) is calculated here. The Na^+^ ion conductivity for NZTO500--900 and Li-doped NZTO samples was calculated based on [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"},where σ (S/cm) refers to Na^+^ ion conductivity, *d* (cm) is the thickness of pellet, *S* (cm^2^) is the area of the silver paste, and *R* (Ω) is the sum of bulk and grain boundary resistance.

[Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}(a, b) presents the temperature dependence of the conductivities for NZTO500--900 and Li-substituted NZTO samples. Data points for each sample obey the Arrhenius law, and the corresponding fitting results are shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. Activation energies (*E*~a~, eV) for Na^+^ ion diffusion were calculated from the slopes of the linear fits using the Arrhenius [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} (see [Table S15](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05863/suppl_file/am0c05863_si_001.pdf)),where *T* is the absolute temperature in K; *A* is a constant, and *k* is the Boltzmann constant. So-calculated activation energies *E*~*a*~ are listed in [Table S15](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05863/suppl_file/am0c05863_si_001.pdf). The calculated activation energy for NZTO900 is 0.289(6) eV, which is comparable to the reported values in previous works as presented in [Table S16](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05863/suppl_file/am0c05863_si_001.pdf).^[@ref23],[@ref24]^ The activation energy increases with increasing fraction of the O′3-type phase, [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}. This large difference in activation energy between P2 and O′3-type phases indicates that Na^+^ ions diffuse much faster in the P2-type phase. This is consistent with earlier studies on layered Na-based oxides.^[@ref14],[@ref17],[@ref20],[@ref70]^

![(a) Arrhenius plots for NZTO 500--900 samples within temperature range from room temperature to 211 °C; (b) Arrhenius plots for NZTO900 (for comparison), Na~2.1~Zn~1.9~Li~0.1~TeO~6~, Na~2.2~Zn~1.8~Li~0.2~TeO~6~, and Na~2.5~Zn~1.5~Li~0.5~TeO~6~ within the temperature range from room temperature to 211 °C.](am0c05863_0007){#fig7}

![O′3-type phase fraction (in black line with square symbol) and Na^+^ ion conductivities (in red line with circle symbol) as a function of (a) synthesis temperature and (b) Li-content (0 ≤ *x* ≤ 0.5).](am0c05863_0008){#fig8}

Due to the high fraction of the O′3-type phase in NZTO500--700, Na~2.2~Zn~1.8~Li~0.2~TeO~6~ and Na~2.5~Zn~1.5~Li~0.5~TeO~6~, reliable impedance data could not be obtained at room temperature. We therefore calculated the conductivities at 25 °C for these samples by extrapolating the Arrhenius plots. The obtained Na^+^ ion conductivities are summarized in [Table S15](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05863/suppl_file/am0c05863_si_001.pdf). The derived Na^+^ ion conductivities of NZTO500--900 and Li-doped NZTO samples at room temperature decrease with increasing sample synthesis temperature, and thereby the fraction of the O′3-type phase as shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}. The Na^+^ ion conductivity of NZTO500 (\@25 °C) is 4 orders of magnitude lower than NZTO900. An analogous result is observed for the Li-substituted NZTO samples. The Na^+^ ion conductivities of Na~2.1~Zn~1.9~Li~0.1~TeO~6~ and NZTO800 are on the same order of magnitude (∼10^--4^ S/cm \@25 °C) as that for NZTO900, comparable to reported room temperature conductivity for NZTO as shown in [Table S16](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05863/suppl_file/am0c05863_si_001.pdf). This might be due to the low fraction of O′3-type phase. With larger Li substitution (*x*), the Na^+^ ion conductivity decreases to ∼10^--8^ S/cm (\@25 °C) for Na~2.2~Zn~1.8~Li~0.2~TeO~6~ and Na~2.5~Zn~1.5~Li~0.5~TeO~6~.

We rationalized the diffusion mechanism within these structures with DFT calculations. We implement our NEB calculations by initially introducing a vacancy into the systems. The presence of such defects hinders the formation of the nonhexagonal reconstruction of the Na sublattice,^[@ref65]^ resulting in a disordered structure with a much larger occupancy of *g*-type sites. Such an arrangement is not suitable for an NEB calculation due to the ambiguous definition of a percolating path between a Na^+^ site and an equivalent one. We therefore approximate the P2 system with the nonreconstructed model. The reaction coordinates and the associated energetics are shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} in panels (b) and (a), respectively. It is evident that the diffusion mechanism is very different in the two phases. In the O′3 case, the diffusion path is linear, and the saddle point is located in the intermediate position between the initial and final Na sites. The activation energy is estimated to be 0.32 eV. In the P2-type phase, the Na^+^ ions diffuse first to the *f*-type site, where a more favorable configuration is encountered, a local version of the aforementioned sublattice reconstruction. As a consequence, the saddle points are located at the initial and final configurations (i.e., the *g*-type sites) and the associated activation energy is 0.09 eV. These results highly agree with previous investigation on the Na mobility difference between the P2 and O′3-type phase.^[@ref71]^

![Energetics along the reaction coordinate for a diffusing Na^+^ ion. (a) Schematized reaction coordinate for diffusing Na^+^ ions in the P2 and O′3-type phases. Small, blue spheres indicate the ion position in the replicas of the system along the reaction coordinate (b).](am0c05863_0009){#fig9}

The calculated activation energies are in both cases much lower than the experimental values. This is probably the combined effect of (i) a vacancy being introduced into the system and (ii) the diffusion process being modeled as isolated hops. The former effect is well-known in literature, as even a small concentration of vacant sites can be shown to greatly increase the ionic mobility.^[@ref72]^ The presence of an isolated Na vacancy is, however, required to construct the minimum energy diffusive path within the NEB method. Moreover, we believe that the mobility in the P2 case is not due to isolated hops, but it rather depends on the continuous rearrangement of interacting Na^+^ ions. The only way of correctly capturing this phenomenon is through ab initio molecular dynamics simulations. This investigation would require a significant effort in terms of computational resources and will be pursued in a future manuscript. Despite the underestimated activation energies, the NEB correctly reproduces the physical trends of the diffusive process: the energy barrier is much lower in the P2-type phase due to the presence of a stable intermediate site which is not found in the O′3 case.

4. Conclusions {#sec4}
==============

We have investigated the influence of synthesis temperature and Li-doping on the structural properties and Na^+^ ion conductivity for NZTO using SPXRD, DFT, and EIS. The main conclusions are as follows:1.The pure P2-type NZTO can only be obtained at synthesis temperature of 900 °C. Lower synthesis temperature produces a significant amount of the O′3-type phase. To the best of our knowledge, this is the first report of such a phase, which crystallizes according the *C*2/*m* space group. The fraction of O′3-type phase decreases with increasing synthesis temperature. This is consistent with in situ PXRD studies of the synthesis process.2.Solid solution of Li-doped Na~2+*x*~Zn~2--*x*~Li~*x*~TeO~6~ (*x* = 0.1, 0.2 and 0.5) were prepared. Low Li-doping (*x* = 0.1) induces a partial O′3-type phase with P2 as the dominant phase. A single phase O′3-type NZTO was obtained, for the first time, at higher Li-doping levels (*x* = 0.2 and 0.5). Rietveld refinements prove that Li enters corresponding Zn site (4*g*) in O′3-type phases. This result is backed by DFT-calculated defect formation energies.3.The P2-type phase has better Na^+^ mobility, due the presence of stable interstitial sites. This is in good agreement with theoretical predictions that the activation energy for Na^+^ ion diffusion in P2 is much lower than that in the O′3-type phase.

By clarifying the synthesis and structure of the NZTO materials, we hope to bring their practical application in SIB systems one step closer.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsami.0c05863](https://pubs.acs.org/doi/10.1021/acsami.0c05863?goto=supporting-info).Additional refinements against SPXRD data, tables for crystallographic information, schematic illustration of the monoclinic and hexagonal lattice for NZTO, tables for sodium occupancy and fitting parameters to the equation of state, elastic constants tensor for P2 and O′3-type phases from computational modeling and fitting of Nyquist plots, and a table for Na^+^ ion conductivities of reported Na~2~*M*~2~TeO~6~ ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsami.0c05863/suppl_file/am0c05863_si_001.pdf))
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